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Abstract  
Magnetic f i e l d  da t a  from the OGO-2 s p a c e c r a f t  and from su r face  
magnetic obse rva to r i e s  a r e  analyzed f o r  t he  per iod  March 13-15, 1966. 
During t h i s  i n t e r v a l  t he re  occurred a magnetic storm wi th  a Det decrease 
of 122y. 
The r e s u l t s  i n d i c a t e  a non-symmetric i n f l a t i o n  of t he  magnetosphere 
(asymmetric r i n g  c u r r e n t )  with the f i e l d  decrease i n  the  dusk s e c t o r  
a f a c t o r  of about t h ree  more than t h a t  i n  the  dawn s e c t o r ,  Within the  
10-3Oy accuracy of  t he  d a t a ,  the  f i e l d  d is turbance  a t  t he  s a t e l l i t e  
was equal  t o  t h a t  on the  sur face  a t  the same l o c a l  time. From t h i s  
evidence i t  i s  concluded t h a t  the source of both D s t  and DS i n  low 
l a t i t u d e s  a r e  e x t e r n a l  t o  the s a t e l l i t e  a l t i t u d e s  (410-1510 km). The 
d is turbance  observed near  the dusk meridian commenced s e v e r a l  hours 
sooner than t h a t  obsetved near  the dawn meridian,  reached i t a  maximum 
i n t e n s i t y  i n  18 hours and then decayed i n  another  18 hours  t o  the l e v e l  
seen on the  dawn merittian. 
Poler  ionospherik cu r ren t s  were de t ec t ed  more than 1.5 hours  before  
the  s torm's  matn phasb. 
c e l l e d "  model which includes a concentrated eastward c u r r e n t  i n  the  
evening l o c a l  t i m e  s e c t o r  and a concentrated westward c u r r e n t  i n  the  
morning l o c a l  t i m e  s e c t o r .  
and smoothly s h i f t  t o  b 4 . 3  a t  the time of maximum D s t .  The morning 
c u r r e n t s  f i r s t  appears  a t  b7.9 and subsequently s h i f t  t o  Lt5.3. The 
L l o c a t i o n  of t he  morning cur ren ts  i s  always g rea t e r  than t h a t  of the  
evening cur ren te .  These cu r ren t s  decrease  a t  least by an order  of 
magnitude a t  t h e  same time as the  t r a n s i t i o n  from asytranetric t o  
synanetric i n f l a t i o n  i s  seen a t  low l a t i t u d e .  
These cu r ren t s  conform t o  t h e  c l a s s i c a l  "two 
The evening c u r r e n t s  f i r s t  appear a t  L17.5 
- .  
RE SUM^ 
Les r'esultats de champ magngtique observe's du vehicule spatiale OGO-2 
e t  des observatoires magne'tiques de surface sont analysgs d u  13  a u  15 Mai 
1966. 
Dst de 122, . Pendant cette p6riode un orage magng'tique e3t l i e u  avec une rgduction 
Les rgsultats indiquent une inflation non-symgtrique de la magngtosphgre 
(courant circulaire asym6trique) dont le champ decro?t dans le secteur cr6-  
pusculaire d'un facteur environ 3 fois supgrieur ce dont il decroft l'aube. 
Considerant le degrc d 'erreur de 10 3 3 O Y  , le champ de perturbation mesure' 
a u  satellite fut  6gal 5 celui pris 2 la surface a u  m$me temps local. De cette 
observation, l'on conclut que la source des deux Dst  e t  Ds en basses latitudes 
sont en dehors d e s  altitudes (410 - 1510 km) du  satellite. 
observge przs du meridien cr6pusculaire a commenc6 quelques heures plus 
t6t que celle observe'e p r g s  du meridien de l'aube, elle atteint son intensit$ 
maximum en 18 h, e t  puis dhcrott en 18 h encore jusqu'au niveau vu dans le 
meridien de l'aube. 
La perturbation 
Des courants polaires dans la ionosphsre ont 6t6 detectgs plus de 1 h 1 / 2  
Ces courants se  conforment au modkle avant la phase principale de l 'orage. 
classique "a deux cellules", qui correspond 2 un courant concentrg vers 1'Est 
dans l 'espace de temps coriespondant a u  soir  du temps local, e t  d'un courant 
concentrg vers 1'Ouest dans l 'espace de temps correspondant a u  matin du  
temps local. 
placent doucement vers L = 4,3 a u  temps de Dst maximum. 
matin apparaissent d'abord 
La position L des courants du matin es t  toujours supgrieure 2 celle des 
courants du soir. 
meme temps que la transition d'asymgtrique & symgtrique inflation es t  vue 
en basses  latitudes. 
Les courants clu soir  apparaissent d'abord ?i L = 7 , 5  e t  s e  de'- 
Les courants du 
L = 7, 9 e t  ensuite se d6placent vers L = 5, 3. 
Ces  courants decroissent d'au moins un facteur 10 en 
h 
In t roduc t ion  
The magnetic storm i n  mid-March 1966 i s  the  f i r s t  l a rge  d is turbance  
encountered by t h e  OGO-2 spacecraf t*  (launched October 14, 1965) and 
one of t he  e a r l i e s t  s i g n i f i c a n t  events  fol lowing t h e  sunspot minimum 
years  1964-65. 
l a rge  amplitude t h a t  i t  i s  poss ib le  t o  make a synopt ic  a n a l y s i s  of the  
magnetic v a r i a t i o n s  recorded by OGO-2 without  r e s o r t i n g  t o  s o p h i s t i c a t e d  
computations t o  e l imina te  such e f f e c t s  a s  t he  s o l a r  q u i e t  d a i l y  v a r i -  
a t i o n  (Sq) and t o  be over ly  concerned about base l ine  e r r o r s  caused by 
o r b i t a l  and re ference  f i e l d  u n c e r t a i n t i e s .  
It provides magnetic f i e l d  v a r i a t i o n s  of a s u f f i c i e n t l y  
. 
This  storm thus gives  t h e  f i r s t  oppor tuni ty  t o  i n v e s t i g a t e  such 
ques t ions  as whether t h e  storm-time d is turbance  seen a t  t h e  su r face  
are due p a r t l y  o r  wholly t o  ionospheric c u r r e n t s  a s  has  been speculated 
i n  the  p a s t .  As f i r s t  noted by Heppner, S t o l a r i k ,  and Meredith (1958), 
the  s a t e l l i t e  magnetic observat ions w i l l  d e f i n i t i v e l y  s o r t  ou t  the  
e x t e n t  t o  which the  source i s  below o r  above i t s  a l t i t u d e .  
The ambient magnetic f i e l d  near  t h e  e a r t h  c o n s i s t s  of the  main 
i n t e r n a l  f i e l d  together  with i t s  secu la r  change and c r u s t a l  anomalies,  
and of s h o r t e r  per iod t i m e  varying changes. Among these  sho r t  per iod 
changes i s  the  d is turbance  v a r i a t i o n  (D) r e s u l t i n g  from geomagnetic 
storms. D has  been exhaust ively analyzed from sur€ace da t a  (e .g .  
Chapman, 1919, 1927, 1935, 1952; Sugiura and Chapman, 1960) and u n t i l  
r e c e n t l y  has  been p a r t i t i o n e d  i n t o  only the two components D s t  and DS. 
Dst i s  def ined  a s  the  p a r t  of D symmetrical w i th  t h e  e a r t h ' s  d ipo le  
*Sometimes a l s o  r e f e r r e d  t o  by i t s  prelaunch des igna t ion  OGO-C, POGO-1 
(Polar  Orb i t ing  Geophysical Obeervatory-1) and i t s  s a t e l l i t e  number 
1965 -8 1 A .  
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a x i s  ( i . e .  t he  average of D around a d ipo le  l a t i t u d e )  and DS a s  t h e  
r e s idua l  D minus D s t .  
D s t  and DS a r e  usua l ly  represented i n  terms of equ iva len t  iono- 
sphe r i c  cur ren t  systems ( see ,  f o r  example, Vest ine e t  a l . ,  1949) 
a l though D s t  i s  thought t o  r e s u l t  from an e x t r a  t e r r e s t r i a l  r i n g  
cu r ren t  located i n  t h e  r a d i a t i o n  b e l t s .  DS has  genera l ly  been con- 
s idered  t o  r e s u l t  from r e t u r n  cu r ren t s  of  an  in t ense  po la r  c u r r e n t ,  
the  polar  e l e c t r o j e t ,  a s soc ia t ed  with p r e c i p i t a t i o n  of p a r t i c l e s  and 
with aurora l  phenomena. 
The r e s u l t s  of the  Vanguard 3 s a t e l l i t e  magnetic f i e l d  measurements 
c l e a r l y  showed t h a t  the  average changes of D s t  i n  t he  500-2400 Km 
range pa ra l l e l ed  those a t  the sur face  near  t he  equator  and hence were 
from a source e x t e r n a l  t o  t h e  s a t e l l i t e  (Cain e t  a l .  , 1962). However, 
the da ta  were t o o  sparse  t o  draw any conclusions about whether the 
a s y m e t r i c  component DS i s  below o r  above the  s a t e l l i t e  a l t i t u d e .  
The polar  p a t t e r n s  of  t he  d is turbance  f i e l d  i s  less simple than 
t h a t  observed a t  lower l a t i t u d e s  and has  been d i f f e r e n t l y  i n t e r p r e t e d  
by d i f f e r e n t  workers. 
Two c o n f l i c t i n g  models of  po lar  cu r ren t  systems a re  i l l u s t r a t e d  
i n  Figure 1. The e a r l i e r  model, A i n  t he  f i g u r e ,  was i n i t i a l l y  devel-  
oped by Chapman (e.g.  1935) and l a t e r  r e f ined  (e .g .  by Ves t ine ,  1949).  
This  model has  two cu r ren t  ce l l s .  One c e l l  has  a n  in t ense  westward 
e l e c t r o j e t ,  centered between about 0200 - 0500 hours  l o c a l  t i m e ,  
wi th  eastward r e t u r n  c u r r e n t s  t o  t h e  nor th  and south.  The o ther  c e l l  
has  a n  in tense  eastward e l e c t r o j e t  between about 1600 - 2200 hours  
l o c a l  time wi th  westward r e t u r n  c u r r e n t s  t o  t h e  no r th  and south.  
Recently,  a new one-celled polar  e l e c t r o j e t  model (B i n  Figure 1) 
has  been proposed by Akasofu e t  a l .  (1965) i n  which the primary electro- 
j e t  i s  always westward i n  d i r ek t ion .  I n  the  evening s e c t o r  they i n d i -  
c a t e  an in t ense  westward c u r r e n t  i n  more no r the rn  l a t i t u d e s  where 
e a r l i e r  r e sea rche r s  would have placed a westward r e t u r n  c u r r e n t  from 
a more sou the r ly  eastward e l e c t r o j e t .  In  a study of t he  records of 
magnetic sub-storms a t  Lerwick and two c lose  by temporary s t a t i o n s ,  
Scraae (1967) has  a l s o  deduced t h i s  one-cel led type of c u r r e n t  system. 
The purpose of t h i s  paper i s  t o  examine and c o r r e l a t e  s u r f a c e  and 
s a t e l l i t e  magnetic f i e l d  measurements so a s  t o  examine t h e  major f e a t u r e a -  
of t he  dis turbance f i e l d  during t h e  storm of March 13-15, 1966. We 
w i l l  show t h a t  t he  low and middle l a t i t u d e  asymmetric po r t ion  of t h e  
d i s tu rbance  f e a t u r e  (DS) is  not p r i m a r i l y  ionospheric  i n  o r i g i n  and 
w i l l  d i scuss  t h e  d i f f e r e n c e s  i n  t h e  low l a t i t u d e  dis turbance f i e l d  a t  
l o c a l  dawn and dusk, We w i l l  a l s o  d i s c u s s  t h e  l o c a t i o n  and i n t e n s i t y  
of t h e  po la r  e l e c t r o j e t ,  showing i t s  r e l a t i o n  t o  d i p  l a t i t u d e ,  geomag- 
n e t i c  l a t i t u d e ,  and McIlwain's L parameter, and w i l l  demonstrate t h a t  
t h e  d a t a  from t h i s  storm supports  t h e  two-celled e lec t ro je t  model 
r a t h e r  t han  t h e  one-celled model. 
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The OGO-2 Magnetic F i e l d  Experiment 
OGO-2 was launched on 14 October 1965 i n t o  a n  o r b i t  with the  
following c h a r a c t e r i s t i c s :  
inc 1 ina t ion 
perigee 413 km 
apogee 1510 km 
anomalis t ic  per iod 104.3 min. 
87.4' 
For a summary of the  experiment ope ra t ion  and of t h e  d a t a  p rocess ing  
techniques used t o  reduce t h e  da t a  see Cain e t  a l .  (1967) and Langel 
(1967). During March 13-14, 1966, t he  OGO-2 o r b i t a l  plane w a s  i n  t h e  
t w i l i g h t  meridian wi th  ascending node a t  about 0440 hours  l o c a l  t i m e  
and descending node a t  about 1630 hours l o c a l  t i m e ;  pe r igee  was near  
72ON on t h e  ascending (dawn) s i d e  of t he  o r b i t .  
The magnetic f i e l d  experiment on OGO-2 measured the  t o t a l  ( s c a l a r )  
f i e l d  with an accuracy b e t t e r  than +2y (gammas) and a r e s o l u t i o n  of  2 . 4 3 ~  
(Farthinp and F o l z ,  1967).  Data were taken a t  half-second i n t e r v a l s .  
Figure 2 i s  a t y p i c a l  p l o t  of one o r b i t  of OGO-2 d a t a  on a geomagneti- 
c a l l y  q u i e t  day (October 19, 1965). V e r t i c a l  g r i d  l i n e s  a r e  l abe led  
according t o  l a t i t u d e  while t he  t i m e  (UT, hours  and minutes) longi tude 
and a l t i t u d e  a r e  given a t  t h e  s h o r t  v e r t i c a l  t i c  marks. The bottom 
p l o t  i s  the measured da ta  and the top p l o t  i s  measured d a t a  minus a 
t h e o r e t i c a l  f i e l d  (AF) computed us ing  the GSFC(12/66) s p h e r i c a l  harmonic 
expansion (Cain e t  a l . ,  J u l y  1967). Both scales a r e  i n  gammas. 
The ambient f i e l d  measured a t  OGO-2 a l t i t u d e s  c o n t a i n s  p o s s i b l e  
con t r ibu t ions  from a l l  of  t he  sources d i scussed  i n  t h e  i n t r o d u c t i o n . .  
-5- 
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The GSFC(12/66) re ference  model used t o  e l imina te  the  e f f e c t  of the 
main f i e l d  from the da t a  con ta ins  120 s p h e r i c a l  harmonic c o e f f i c i e n t s  
of  t he  i n t e r n a l  p o t e n t i a l .  A simple s u b t r a c t i o n  of t h i s  r e fe rence  from 
the  measured f i e l d  gives  the  q u a n t i t y  AF = ]E + 5 + 
Q is t he  q u i e t  day c o n t r i b u t i o n  present  on a l l  days and 5 t he  vec to r  
due t o  magnetic d i s turbance .  The e f f e c t  of any c r u s t a l  anomalies is 
assumed t o  be e i t h e r  n e g l i g i b l e  o r  included i n  z. Since a sample of 
I - I z I where 
- 
OGO-2 data  taken duridg a q u i e t  i n t e r v a l  i n  November, 1965 was included 
i n  the  de r iva t ion  of Che GSFC(12/66) f i e l d  model, i t  is l i k e l y  t h a t  
t h i s  model provides a good r e fe rence  a t  near  q u i e t  cond i t ions .  As 
pointed out i n  the  evd lua t ions  f o r  t h i s  model (Cain e t  a l . ,  1967) the  
e r r o r s  a r e  l i k e l y  t o  be i n  the  10-3Oy range from OGO-2 a l t i t u d e s  f o r  
epochs 1965-1970. This is borne ou t  by the  AF por t ion  of Figure 2 
where the  maximum d i f f e r e n c e  between measured and computed f i e  Id is. 
about 30y. This p l o t  i e  very  t y p i c a l  of all t he  non-storm d a t a  examined 
t o  t h i s  da te ,  p a r t i c u l a r l y  i n  the  e q u a t o r i a l  reg ions .  Larger depa r tu re s  
sometimes occur i n  po la r  reg ions  which are probably due t o  a ion-  
o sphe r i c  cur ren t  near  t he  a u r o r a l  zone. These e r r o r s  are of the  same 
o rde r  of magnitude a s  t he  q u i e t  d a i l y  v a r i a t i o n .  
the cons idera t ions  of OGO-2 da ta  t o  a r eg ion  where 
p a r a l l e l ,  a s  a t  low l a t i t u d e s ,  and f o r  storms where D >> Q, then AF 
Thus, if one conf ines  
and E a r e  roughly 
becomes a good approximation t o  D.  
Since the vec to r  tnagnetic f i e l d  is predominantly h o r i z o n t a l  a t  
low l a t i t u d e s ,  the  chehge i n  t o t a l  magnetic force  (AF) w i l l  be very 
n e a r l y  equal t o  the  hokizonta l  (H) d i s tu rbance ,  OGO-2 measures AF 
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above the ionosphere and therefore  ionospheric currents causing an 
H disturbance on the surface o f  ear th  would cause a disturbance i n  
the opposite d i r e c t i o n  a t  the s a t e l l i t e  (Heppner e t  a l ,  1958) .  
-9 - 
L 
. 
PART I - THE ASYMMETRIC RING CURRENT 
Surface Observations 
F igure  3 i s  a p lo t  of (p rov i s iona l )  D s t  (Hendricks, 1967) fo r  
March 13-15, 1966. Thus was computed using techniques descr ibed by 
Sugiura (1964) and Sugiura and Hendricks (1967). The obse rva to r i e s  
u t i l i z e d  were Honolulu, Hermanus, and San Juan. 
p rov i s iona l  D s t  i n  gammas as a func t ion  of Universal  Time f o r  72 hours 
The p l o t  g ives  t h i s  
commencing a t  zero  hours  UT on March 13. Arrows i n d i c a t e  approximate 
t imes  of occurrence of (descending node) e q u a t o r i a l  c ros s ings  of t h e  
OGO-2 da ta  shown i n  F igure  8, 
The main phase of t h i s  moderate storm commences gradual ly  
about 1900 UT on MarcH 13th,  with the  l a r g e s t  d i s turbance  occurr ing  
a t  
a t  about 0500 UT on tHe 14th .  Recovery t akes  p lace  i n  two phases; 
t he re  i s  a f a i r l y  r ap id  recovery t o  a l e v e l  of -3Oy between 0500 UT 
and 1100 UT on the 14th ,  and a slower recovery cont inuing i n t o  March 
16 and 17. 
The asymmetric aspec ts  of t h i s  storm a r e  a l s o  t y p i c a l .  F igure  4 
(Sugiura and Chapman, 1960) shows average SD v a r i a t i o n s  a s  a func t ion  
of both l a t i t u d e  and Storm i n t e n s i t y .  The curves a r e  computed sepa- 
r a t e l y  f o r  each of the f i r s t  th ree  storm days. For mid-low l a t i t u d e s  
the  curves a l l  have the  same general  c h a r a c t e r i s t i c s .  The maximum 
p o s i t i v e  d is turbance  i s  always i n  l o c a l  morning and the  maximum negat ive  
d is turbance  i n  l o c a l  evening. I f  we consider  a l l  of the DS d i s tu rbance  
t o  be i n  a nega t ive  (decreasing H) d i r e c t i o n ,  then  the  minimum d i s tu rbance  
-10- 
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due t o  DS occurs  a t  l o c a l  morning and t h e  maximum d i s tu rbance  a t  
l o c a l  evening. 
Figure 5 i s  a s e t  of 15 magnetograms (ho r i zon ta l  component) 
from low and mid - l a t i t ude  obse rva to r i e s  f o r  t h e  March 1966 storm, 
with s t a t i o n  abbrev ia t ion  and d i p  l a t i t u d e  given along t h e  o r d i n a t e .  
The plot  begins a t  zero hours UT on March 13 and extends to ze ro  
hours on t h e  15th.  
netograms are arranged according t o  s t a t i o n  long i tude  and an arrow 
i n d i c a t e s  0600 hours l o c a l  t ime on each p l o t .  Each p l o t  e x h i b i t s  a 
smaller  negat ive discurbance vector  i n  t h e  e a r l y  morning hours of 
l o c a l  t i m e  ( t h i s  f e a t u r e  i s  darkened on each p l o t  f o r  emphasis). 
The extent  and d e t a i l e d  c h a r a c t e r i s t i c s  of t h i s  f e a t u r e  vary from 
s t a t i o n  t o  s t a t i o n  but i t  i s  present a t  each s t a t i o n  a t  approximately 
t h e  same l o c a l  t i m e  and with approximately t h e  same magnitude. 
F igu re  5 i n d i c a t e s  t h a t  t h e  major p a r t  of t h i s  asymmetrical f e a t u r e  
is i n  the e a r l y  morning hours during t h e  s t a r t  of t h e  storm. 
about 6 hours UT, March 15,  ( t h e  M'Bour magnetogram) a b r o a d e n i s  
commences which continues as t h e  storm goes i n t o  t h e  recovery phase. 
Each d i v i s i o n  on t h e  o r d i n a t e  i s  1 0 0 ~ .  The mag- 
A t  
Some r e s e a r c h e r s  have suspected t h a t  t h e  main f e a t u r e s  of DS 
might not  be ionospheric.  
magnetic storms i n  which they  found a d e f i n i t e  asymmetry i n  t h e  H 
dis turbance vector  iti mid and low l a t i t u d e s .  F igu re  6 ,  from t h e i r  
paper,  shows t h e  d i s t r i b u t i o n  of t h e  H d i s tu rbance  a t  two hour 
in te rva ls  during a storm. 
Akasofu and Chapman(l964) analyzed s e v e r a l  
The d i s tu rbance  f i e l d s  depic ted  are  l o c a l  
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THE DISTRIBUTION OF THE HORIZONTAL COMPONENT OF THE DISTURBANCE FIELD, D(f!f), 
AT 0 6 0 0 , 0 8 0 0 , 0 9 0 0 , ~ ~  AND 1200 GMT, 13 SEPTEMBER 1957. THE SU890LAR POINT IS INDI- 
CATED BY A RAYED OPEN CIRCLE AND T H E  ANTI-SUBSOLAR POINT BY A BLACK CIRCLE. 
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time dependent, t he  g r e a t e s t  dis turbance occur r ing  dur ing  the  l o c a l  
evening and l e a s t  dur ing  l o c a l  morning. They concluded from magneto- 
gram evidence t h a t  t h e  asymmetry d id  no t  r e s u l t  from r e t u r n  ionospheric  
cu r ren t s  of an a u r o r a l  e l e c t r o j e t ,  
A s i m i l a r  p l o t  (Figure 7) is  shown f o r  3:OO UT on March 14, 1966. 
The s t a t i o n s  a v a i l a b l e  ( ind ica ted  by * on the  f i g u r e )  were r a t h e r  
spa r se  and the  contours a r e  hand drawn. While the  d is turbance  i s  not 
as l a rge  as those examined by Akasofu and Chapman, the asymmetry i s  
very s i m i l a r .  
OGO-2 Storm Data 
Figure 8 is  from t h  p l o t  of s eve ra l  o r b i t s  of d a t  OGO- 2 
s a t e l l i t e ,  t he  e a r l i e r  o r b i t s  a r e  a t  t h e  bottom of the f i g u r e .  The 
approximate times of these  p l o t s  are ind ica t ed  by arrows i n  Figure 3 .  
As i n  t he  top  of Figure 2 ,  t he  quan t i ty  p l o t t e d  is  the  measured f i e l d  
minus a t h e o r e t i c a l  f i e l d  (AF) us ing  the  GSFC(12/66) s p h e r i c a l  harmonic 
r e p r e s e n t a t i o n  (Cain e t . ,  1967). The southbound e q u a t o r i a l  c ros s ings  
occur a t  about 1630 hours  l o c a l  t i m e  ( l o c a l  evening) and the  northbound 
e q u a t o r i a l  c ross ings  occur a t  about 0440 hours  l o c a l  t i m e  ( l o c a l  morning). 
The numbers i n  parenthes is  i nd ica t e  extreme excursions on the  p l o t .  
The amount of d i s turbance  a t  loca l  evening is always l a r g e r  than t h a t  
a t  l o c a l  morning, usudl ly  more than twice a s  l a rge .  
is i n  the  same d i r e c t i o n  a s  tha t  observed on the  su r face ,  i n d i c a t i n g  
t h a t  t he  c u r r e n t  eourde is above the  s a t e l l i t e .  
This asymmetry 

-1 7 -  
LATITUDE 
FIGURE 8 
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Surf ace - S a t  e 11 i t e  Comparisons 
I n  order  t o  b e t t e r  examine the spacec ra f t - su r face  c o r r e l a t i o n  
we drew the composite p l o t s  of Figure 9 .  The a b s c i s s a  i s  time (UT) 
and t h e  o rd ina te s  o f  the va r ious  p l o t s  a r e  i n  gammas. The top curve 
i s  the  previously mentioned p rov i s iona l  D s t .  The next two curves a r e  
der ived from s a t e l l i t e  d a t a .  Each po in t  was determined by f i n d i n g  
t h e  maximum dev ia t ion  (AF) between +30° and -30' i n  l a t i t u d e ,  on a 
s i n g l e  s a t e l l i t e  pass.  TI e morning and evening d a t a  a r e  p l o t t e d  
sepa ra t e ly ;  the dashed h o r i z o n t a l  l i n e s  i n d i c a t e  the  pre-storm l e v e l .  
The bottom two curves a r e  der ived from l o w  l a t i t u d e  observatory d a t a .  
The dis turbance i n  H a t  6 A.M.  and 6 P.M. ( l o c a l  t i m e )  from low l a t i -  
tude observatories*,  widely d i spe r sed  i n  long i tude ,  i s  p l o t t e d  as  a 
func t ion  of UT ( t h i s  does not  vary s i g n i f i c a n t l y  from t h a t  a t  0440 
and 1630, t h e  s a t e l l i t e  l o c a l  times.) Again, t he  morning and e.vening 
d a t a  are p lo t t ed  sepa ra t e ly .  
I 
It i s  immediately c l e a r  t h a t  t h e  dis turbance a t  s a t e l l i t e  a l t i -  
tudes i s  almost i d e n t i c a l  t o  t h a t  on t h e  s u r f a c e .  The asymmetry i n  
H dis turbance i n  the s a t e l l i t e  d a t a  c o r r e l a t e s  both i n  d i r e c t i o n  and 
magnitude with the s u r f a c e  d a t a .  The cause of  a t  l eas t  t h e  major 
p o r t i o n  of t h e  asymmetry (or  the DS) must t h e r e f o r e  be sought i n  re-  
gions above the  a l t i t u d e  of t he  s a t e l l i t e .  
Another s i g n i f i c a n t  f e a t u r e  of Figure 9 i s  t h e  way t h e  evening 
curves taper o f f  i n  the recovery phase of the  storm. Both the  s a t -  
e l l i t e  and observatory evening d a t a  seem t o  r i s e  t o  a l e v e l  which is 
* A l m e r i a ,  Bangui, Guam, Honolulu, M'Bour, Sen Juan, Tananarive,  Tucson 
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ohm 6hra p h r a  18hfS 24hra 6hrS 12hra 18h" 24hfa 6hra ~ h r a  18"s 24hra 
UT, 3/13/66 UT, 3/14/66 UT, 3/15/66 
FTGlJKE 9: (:L)lllp;lrisori o f  Dst, S : i t ( ~ ]  I i t c .  and SurTnce Obserya- tory  I h t a .  "tic 
satc-1 L i t e  d a t a  arc t h c  p o i n t s  or maximum d e v i a t i o n  between +30° 
and -30'' l a t i t u d c .  The morning s a t e l l i t e  d a t a  i s  0440 l o c a l  t ime 
and t h e  evening i s  a t  1630 l o c a l  t i m e .  
t h e  0600 and 1800 l o c a l  time v a l u e s  of D(H) a t  seven l o w  l a t i t u d e  
o b s e r v a t o r i e s .  
The o b s c r v a t o r y  d a t a  a r e  
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wi th in  a few gammas of t he  maximum dis turbance i n  the morning hours .  
( c f .  t h e  s a t e l l i t e  evening curve a t  2400 hours on t h e  14th with the  
s a t e l l i t e  morning curve a t  1200 hours on the 14 th . )  
da t a  r e t a i n  the  maximum l e v e l  of dis turbance much longer than t h e  
evening data .  Close examination of t he  s a t e l l i t e  da t a  a l s o  suggests  
t h e  p o s s i b i l i t y  t h a t  there  i s  approximately a four  hour de l ay  i n  the  
s t a r t  of the morning dis turbance a f t e r  the evening da ta  has begun i t s  
downswing. 
Also, t he  morning 
The r e l a t i o n s h i p  between the  f i e l d  depressions i n  the morning and 
evening sec to r s  i s  more c l e a r l y  presented by p l o t t i n g  the  AF derived 
from the s a t e l l i t e  da t a  ve r sus  Universal  T i m e ,  s e l e c t i n g  only d a t a  
p o i n t s  a t  zero degrees d i p  l a t i t u d e .  This i s  done i n  Figure 10. The 
a b s c i s s a  i s  UT and t h e  o r d i n a t e  i s  AF i n  gammas. Morning and evening 
da ta  are c l e a r l y  d i s t i n g u i s h a b l e .  
imately the same f o r  both l o c a l  times. 
w e l l  i n t o  i t s  downswing by 2200 on the  13th while the morning da ta  has 
no t  y e t  l e f t  i t s  pre-storm va lue .  Commencement of t he  morning de- 
p re s s ion  occurs more suddenly than t h e  evening and re ta ins  i t s  maximum 
l e v e l  of depression a f t e r  t h e  evening d a t a  has  begun i t s  f a s t  recovery.  
From ze ro  hours on t h e  15th onward the  curves are f o r  a l l  i n t e n t s  i n -  
d i s t i ngu i shab le  except f o r  one i s o l a t e d  po in t  i n  the morning d a t a .  
The pre-storm depression i s  approx- 
However, t he  evening d a t a  i s  
4 
, 
- 2 1  - 
r 
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Discuss ion 
Parker (1966) has  discussed some t h e o r e t i c a l  p r o p e r t i e s  of non- 
symmetric i n f l a t i o n  of  a magnetosphere. He po in t s  out t h a t  t h i s  
non-symmetric i n f l a t i o n  w i l l  r e s u l t  i n  r ap id  d i s s i p a t i o n  of  t he  con- 
t r i b u t i n g  p a r t i c l e s  so t h a i  the non-symmetry should be confined t o  the  
a c t i v e  phase of a magnetic storm. I n  support  of t h i s ,  C a h i l l  (1966) 
r e p o r t s  t h a t  the magnetometer da t a  from Explorer 26 (1.05 t o  5.11 
&) i nd ica t ed  an asymmetric i n f l a t i o n ,  with a body of charged p a r t i c l e s  
e i t h e r  introduced o r  l o c a l l y  a c c e l e r a t e d  i n  t h e  evening l o c a l  t i m e  
quadrant (1800 t o  2400 l o c a l  t i m e ) .  H e  then observed a r a p i d  s h i f t  
t o  an a x i a l l y  symmetric r i n g  c u r r e n t  which then p e r s i s t e d  f o r  s e v e r a l  
days. 
The OGO-2 data  support  t h i s  type of p i c t u r e .  It i s  c lear  t h a t  
from 2200 UT on the  13th t o  1200 UT on the  14th the  dis turbance both 
i n  t h e  OGO-2 da ta  and the  surface da t a  i n d i c a t e  a s u b s t a n t i a l l y  l a r g e r  
i n f l a t i o n  during evening l o c a l  t i m e  than during t h e  morning hours.  A t  
2400 UT on t h e  14th the  d i s tu rbances  a t  both l o c a l  times reach compar- 
a b l e  l e v e l s  and then remain comparable throughout t h e  slow recovery 
phase. The t i m e  l a g  between the  morning and evening hours may i n d i c a t e  
i n j e c t i o n  of p a r t i c l e s  i n  the  evening s e c t o r  and then a spread of  some 
of these p a r t i c l e s  symmetrically t o  form the e n t i r e  r i n g  c u r r e n t .  
Figure 10 would i n d i c a t e  a time l a g  of about s i x  hours for t he  p a r t i c l e s  
forming the symmetric b e l t  t o  t r a v e l  from 1630 l o c a l  time t o  0440 l o c a l  
t i m e  . 
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Thus, f o r  t he  storm of March 13-14, 1966, t he  sources  of both 
D s t  and DS a r e  e x t e r n a l  t o  the s a t e l l i t e  d a t a .  This  s t r o n g l y  
suppor ts  t h e o r i e s  of a non-symmetric i n f l a t i o n  of the  magnetosphere 
wi th  t h e  i n f l a t i o n  of t he  l o c a l  evening s e c t o r  g r e a t e r  than the i n -  
f l a t i o n  of  the  l o c a l  morning s e c t o r .  The recovery phase of the 
evening s e c t o r  begins  sooner and proceeds more r a p i d l y  than t h a t  
of t he  morning s e c t o r  so t h a t  the i n f l a t i o n  becomes nea r ly  symmetric 
dur ing  the  f i n a l  recovery t o  pre-storm l e v e l s .  
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PART 2:  POLAR ELECTROJET 
Geometry 
Although the  magnetic f i e l d  of t he  e a r t h  is a vec to r  f i e l d ,  the  
OGO-2 s a t e l l i t e  measured only the  ( s c a l a r )  magnitude of t h i s  vec to r .  
We a r e  therefore  t r y i n g  t o  deduce f a c t s  about a vec tor  d i s turbance  
f i e l d  from non-vector da t a .  The magnitude of  t he  main f i e l d  a t  
s a t e l l i t e  a l t i t u d e  i n  polar  reg ions  i s  of t he  o rde r  of 40,OOOy while  
t he  magnitude of  t he  d is turbance  vec to r s  a r e  of t he  order  of a few 
hundreds of gammas. I f  t he  d is turbance  v e c t o r  is  p a r a l l e l  t o  t he  main 
f i e l d  vector  of t h e  e a r t h ,  the  change i n  mignitude of the f i e l d  w i l l  
be equal  t o  the  magnitude of t he  d is turbance  v e c t o r .  
the  dis turbance vec to r  i s  or thogonal  t o  the  main f i e l d  vec tor  of t h e  
e a r t h  the main e f f e c t  w i l l  be a change i n  d i r e c t i o n  with only a small 
I f ,  however, 
change i n  magnitude. 
l a t i t u d e  da t a  (> 60°N. Geographic La t i tude )  where the  e a r t h ' s  f i e l d  
I n  t h i s  p a r t  we a r e  mainly concerned with high 
i s  almost v e r t i c a l  and, consequently,  a v e r t i c a l  d i s turbance  w i l l  be 
more r ead i ly  de tec ted  a t  the  s a t e l l i t e  than w i l l  a h o r i z o n t a l  d i s -  
turbance.  
. .  
Consider a s i n g l e  l i n e  c u r r e n t  f lowing a t  105 km i n  the  ionosphere 
(Figure 11, cu r ren t  i s  out  of t he  f i g u r e )  wi th  a n  induced c u r r e n t  oppo- 
s i t e l y  d i r ec t ed  945 km below the  e a r t h ' s  su r f ace .  The r a t i o  945/105 = 9 
corresponds t o  a plane of i n f i n i t e  conduc t iv i ty  420 km below the  su r face  
of a nonconducting e a r t h .  The r a t i o  9 was found by Scrase  (1967) t o  
bes t  match h i s  da t a  a t  Lerwick and neighboring s t a t i o n s .  Forbush and 
Casaverde (1961), while  s tudying  the  e q u a t o r i a l  e l e c t r o j e t  i n  Peru, 
Field from primary curre Resulting disturbance field 
( D )  p -Field from 
SATELLITE 
induced current 
figure) 
EARTH SURFACE 
1 9 4 5  km 
8 Image current (into figure) 
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0 Ionospheric current (out of fig&) 
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- 
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SINGLE IONOSPHERIC LINE CURRENT 
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used 150 km f o r  t he  he ight  of t he  ionospheric  c u r r e n t  and placed 
t h e i r  image c u r r e n t  a t  650 km below the  e a r t h ' s  s u r f a c e .  
gives  a r a t i o  of 4.33 between depth of induced cu r ren t  and he igh t  of 
ionospheric c u r r e n t .  
(see la te r  t h i s  paper) we t r i e d  r a t i o s  between 1 and 9 and found 9 t o  
give the b e s t  f i t  t o  t h e  experimental  d a t a ,  a l though resu l t s  d i d  n o t  
d i f f e r  g r e a t l y  f o r  r a t i o ' s  between 4 and 9.  
t he  e f f e c t  of an ionospheric  cu r ren t  on the  f i e l d  a s  measured by the  
s a t e l l i t e .  P a r t  A of the  f i g u r e  i l l u s t r a t e s  q u a l i t a t i v e l y  how the  
f i e l d s  r e s u l t i n g  from the  ionospheric  and induced c u r r e n t s  add 
v e c t o r i a l l y .  
a t  point P ,  t o  the nor th  of t he  c u r r e n t s ,  the f i e l d  r e s u l t i n g  from the  
cu r ren t s  w i l l  be mainly upward ( i . e . ,  nega t ive  2) whereas t o  the  south 
of t he  c u r r e n t s  t he  r e s u l t i n g  f i e l d  would be mainly downward ( p o s i t i v e  
This 
When experimenting with model cu r ren t  systems 
Figure 11 i l l u s t r a t e s  
I f  we take no r th  t o  be t o  the  r i g h t  of t he  f i g u r e ,  then 
Z) . 
Combination of the d is turbance  from the  c u r r e n t s  (D) wi th  t h e  
main f i e l d  of the  e a r t h  (M) a l s o  t akes  p lace  v e c t o r i a l l y .  P a r t  B o f  
Figure 11 i l l u s t r a t e s  t h i s  v e c t o r  a d d i t i o n  both n o r t h  and south of 
the  s a t e l l i t e  and P a r t  C i n d i c a t e s  the  genera l  shape of the  r e s u l t i n g  
AF a t  the s a t e l l i t e .  (AF = I d + 5 I - I 3 I ) .  
(M) i s  mainly downward but  a l s o  has  a small northward component. North 
of t h e  cu r ren t s  D w i l l  be mainly upward, r e s u l t i n g  i n  a nega t ive  AF, 
and south o f  t h e  cu r ren t s  D w i l l  be mainly downward r e s u l t i n g  i n  a 
p o s i t i v e  AF. 
d i r e c t e d ,  t he  peaks of t he  AF curve would be reversed .  Thus i t  is 
The e a r t h ' s  main f i e l d  
I f  the  ionospheric  c u r r e n t  of  Figure 11 were oppos i t e ly  
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poss ib l e  t o  deduce the  general  f ea tu re s  of a c u r r e n t  system from the  
AF curve measured by a s a t e l l i t e  pass ing  overhead. Of course ,  t he  same 
r e s u l t s  a t  s a t e l l i t e  a l t i t u d e  could be achieved by c u r r e n t s  above the  
s a t e l l i t e .  However, such a cur ren t  would need t o  match v a r i a t i o n s  
observed a t  t he  sur face .  
The S a t e l l i t e  Data 
Inspec t ion  of Figure 8 revea ls  the  presence of a s t r o n g  po la r  
e l e c t r o j e t  i n  both the  nor thern  and southern hemisphere. The l a r g e s t  
i n d i c a t i o n  is obtained a t  northern l a t i t u d e s  du r ing  the  ascending 
po r t ion  o f  t he  o r b i t .  A s t rong  negat ive  d i p  occur s ,  gene ra l ly  near  
60° l a t i t u d e ,  followed by a s t rong  p o s i t i v e  peak. As t he  s a t e l l i t e  
proceeds over the  pole  a weaker c u r r e n t  i s  seen on the  oppos i te  s i d e  
i n d i c a t e d  by a negat ive  d i p  followed by a p o s i t i v e  peak a s  t h e  s a t e l l i t e  
proceeds southward. The s t rong  c u r r e n t  i n  the  ( l o c a l )  morning hours  
(ascending,  0500 l o c a l  time) corresponds t o  a westward c u r r e n t  while  
t he  weaker cu r ren t  i n  the  evening (1530 hours l o c a l  time) i s  mainly 
eastward wi th  a weaker wes tward  r e t u r n  c u r r e n t  ( t o  the  no r th  of t h e  
d ip )  a l s o  c o n t r i b u t i n g  s u b s t a n t i a l l y .  
i n d i c a t e s  t h a t  these c u r r e n t s  a re  a l s o  present  i n  t h e  south po la r  
reg ion .  The d i f f e rence  i n  the  s i z e  of t he  e f f e c t  from the  c u r r e n t s  
i n  southern l a t i t u d e s  is explained by the  f a c t  t h a t  per igee  i s  a t  
about 72ON. l a t i t u d e  and apogee i s  i n  the  sou th ,  wi th  the  r e s u l t  t h a t  
Close examination of Figure 8 
t h e  s a t e l l i t e  is a t  a l t i t u d e s  below 500 lan dur ing  i t a  nor th  polar  
. t r a n s i t  bu t  i s  above 1200 km during i ts  south po la r  t r a n s i t .  
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A Current Model 
We have attempted t o  cons t ruc t  a crude model f o r  the no r the rn  
c u r r e n t s  of t h e  o r b i t  shown i n  the middle of Figure 8 (beginning a t  
0329 UT, March 14 th ) .  The model c o n s i s t s  of  a series of i n f i n i t e  
l i n e  c u r r e n t s  spaced 112 degree a p a r t  i n  geographic l a t i t u d e  a t  an 
a l t i t u d e  of 105 km. Induced c u r r e n t s  w i t h i n  the  e a r t h  were assumed 
a t  a depth of 945 km; a l l  c u r r e n t s  are assumed t o  be p a r a l l e l  t o  the 
geographic equator .  The series of i n f i n i t e  l i n e  c u r r e n t s  i s  an approx- 
imation t o  a s h e e t  c u r r e n t .  This type of model w a s  chosen because 
of i t s  computational s i m p l i c i t y  and because i t  i s  a reasonable f i r s t  
order  approximation t o  t h e  a c t u a l  physical  phenomena. 
Figure 12 summarizes the  der ived c u r r e n t  system and how t h e  mag- 
n e t i c  f i e l d s  caused by the  c u r r e n t s  compare wi th  t h e  d i s tu rbance  
f i e l d s  measured a t  both the s a t e l l i t e  and the s u r f a c e .  The f i g u r e  i s  
i n  t h r e e  pa r t s  with a common abscissa, geographic l a t i t u d e .  P a r t  A 
( t o p )  of  the f i g u r e  compares t h e  d i s tu rbance  f i e l d  measured a t  t he  
s a t e l l i t e  ( s o l i d  curve) with t h a t  r e s u l t i n g  from t h e  assumed c u r r e n t  
system ( 0 and EJ ). The o r d i n a t e  i s  AF i n  gammas. P a r t  B shows the  
assumed cu r ren t  d i s t r i b u t i o n ;  t h e  c u r r e n t s  a r e  loca t ed  a t  t h e  v e r t i c a l  
t i c  marks. The o r d i n a t e  i n d i c a t e s  t h e  c u r r e n t  d i r e c t i o n  (+ for w e s t -  
ward; - f o r  eastward) and magnitude. P a r t  C compares t h e  d i s tu rbance  
f i e l d  generated d i r e c t l y  beneath the  s a t e l l i t e  ( s o l i d  curve)  with t h e  
dis turbance measured a t  t he  su r face  very c l o s e  t o  t h e  s a t e l l i t e  (within 
45 50. 55 60 65 70 75 80 85 85 80 75 70 65 60 55 50 
C. COMPARISON OF MODEL RESULTS WITH SURFACE DATA 
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5 O  longi tude) .  This comparison i s  done f o r  both the  h o r i z o n t a l  (H) 
and v e r t i c a l  ( Z )  components wi th  o r d i n a t e s  i n  g a m s .  
The agreement between the  measured d a t a  and the  d i s tu rbance  
computed from the assumed cu r ren t  d i s t r i b u t i o n  i s  good. The model 
matches the  s a t e l l i t e  da t a  q u i t e  wel l  i n  s lope  and i n  the  l o c a t i o n s  
and shapes of the  d ips  and peaks. The most i naccura t e  match occurs  
near  the i n f l e c t i o n  a t  72.5' when the  s a t e l l i t e  i s  northbound and 
a l s o  below 60° when the  s a t e l l i t e  i s  southbound. I n  order  t o  match 
t h e  downward s lope  below 60° i t  would be necessary t o  include some 
eastward cu r ren t  i n  the  l a t i t u d e  range 50-58O; however, t h e  e f f e c t s  
of the  r i n g  cu r ren t  may be enough a t  t hese  l a t i t u d e s  t o  provide the  
10-2Oy d i f f e rence  between the  model and t h e  measured AF. 
Zmuda e t  a l .  (1966) observed an  average width of d i s tu rbance  i n  
the  po la r  regions of about 6' on n igh t s ide  (2300-0100 LT) passes  and 
2 8' on day s i d e  (1000-1400 LT) passes ;  Kp was 2 4 . 
agreement with the  width of t he  c u r r e n t s  as seen by OGO-2. Our model, 
f o r  example, gives  a morning (0500 LT) width (geographic) of 9.5' and 
an evening (1530 LT) width of 3'. 
are of s i m i l a r  widths.  The cu r ren t s  i n  ou r  model (morning e l e c t r o j e t )  
go t o  ze ro  (or a very low va lue)  a t  - 72.5O t o  match an  i n f l e c t i o n  i n  
the  da t a .  This i n f l e c t i o n  i s  p resen t  i n  fou r  out  of t he  seven morning 
e l e c t r o j e t s  seen and w e  p re sen t ly  have no reason  t o  doubt t he  ex i s t ence  
of a gap i n  the cu r ren t s  a t  t h i s  l a t i t u d e .  
This  i s  i n  good 
The o t h e r  currents seen by OGO-2 
The t o t a l  c u r r e n t  i s  1.1 m i l l i o n  amperes i n  the  westward j e t  and 
.224 m i l l i o n  amperes i n  the  eastward je t .  
m i l l i o n  amps. The total  return current i r  about one million amps. 
This  gives  a t o t a l  of  1.3 
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cons ider ing  t h a t  changes of 30% i n  t he  r e t u r n  cu r ren t s  would not  
a f f e c t  t he  models apprec iab ly ,  we would say t h a t ,  t o  t he  accuracy of 
t h i s  model, a l l  of the  cu r ren t s  a r e  accounted f o r .  
The o v e r a l l  cu r ren t  d i s t r i b u t i o n  is  given i n  Figure 1 3 ,  i n  a 
(polar) coordinate  system of geographic l a t i t u d e  (above 40') versus  
l o c a l  time, a t  approximately 0347 UT on March 14th.  The approximate 
s a t e l l i t e  path is  shown and shor t  l i n e s  perpendicular  to  t h i s  path 
i n d i c a t e  cu r ren t  i n t e n s i t y  (- 100,000 amperes flows between success ive  
l i n e s )  and d i r e c t i o n .  The two " e l e c t r o j e t s " ,  westward a t  l o c a l  time 
-0500 and eastward a t  l o c a l  time -1530 a r e  loca ted  a t  the maximum 
c u r r e n t  dens i ty  which i s  indicated by a maximum bunching of l i n e s .  
For r e fe rence  purposes the  d i p  po le ,  l o c a t i o n  of 80° d i p  and the  
d i r e c t i o n  of Greenwich a r e  ind ica t ed  on the  f igu re .  
Current  Locations 
Previous d iscuss ions  and models of  po la r  c u r r e n t s  (e .g. Akasofu, 
1965; Ves t ine ,  1949) have considered t h a t  they were organized i n  terms 
of a geomagnetic (dipole) coordinate  system. We have examined the  
loca t ions  o f  t he  cu r ren t s  seen by OGO-2 i n  terms of n o t  only d ipo le  
coord ina tes  but a l s o  d i p  l a t i t u d e  and McIlwain's L parameter t o  
determine which system provides the  b e s t  r e fe rence .  
of a l l  i nd ica t ions  of t he  presence of  major po la r  c u r r e n t s  i n  the  
OGO-2 da t a  dur ing  the  course of t he  March 13-15 storm. The l a t i t u d e  
given i s  the  midpoint between d i p  and peak; L ,  d i p  l a t i t u d e ,  and d i -  
pole  l a t i t u d e  a r e  der ived d i r e c t l y  from the  geographical  p o s i t i o n ,  
The t a b l e  a l s o  includes t h e  value ( i n  gammas) of the range of 
Table 1 i s  a l i s t  
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1800 
100,000 amperes flows between arrows. 
POLAR IONOSPHERIC DISTURBANCE CURRENT DISTRIBUTION 
AS DETERMINED FROM 060-2 DATA 
AT 0347 U.1 MARCH l4# 1967 
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Table 1 - High Lat i tude Currents  
A .  Morning (North La t i tude ,  Ascending, 0500 l o c a l  t i m e )  
Current Peak- Peak Dip Dipole 
Number Date - U.T.  La t i t ude  Lonaitude - L Disturbance La t i tude  La t i tude  
, 
1 13th 1538 ? - 159' -- >15 Oy e. * -  
2 13th 1725 74' 1 7 7  7.9 15 7 70 67 
3 13th 2235 74.5 100 7.3 430 77 63 
4 14th  0019 73.5 73 7 . 1  4 10 77 64 
5 14 th  0347 69.75 1 9  6 .4  485 65 67 
- -  --  -- -- 6 14 th  1040 ? -87 
7 14th 1220 56.0 -112 5 .3  3 90 67 63 
B .  Evening (North Lat i tude ,  Descending, 1530 l o c a l  t i m e )  
Current  
Xumber 
8 
9 
10 
11 
12  
13 
Peak-Peak Dip Dipole 
Date - U.T. La t i tude  Longitude - L Disturbance La t i tude  La t i  t u d e  
13 th  1542 71.25' +go 7.5 IOOy 62 .70 
13th 1732 63.5 - 15 5.5 69 61 68 
13th 2250 52  - 96 5 .O 120 69 62 
14 th  0355 66.5 - 174 4.6 100 61 61 
14th  0905 69 107 4 .9  190 73 58 
14th 1055 66.25 81 4 .3  190 68 56 
* 14 14th  1240 68 55 4 . 9  230 67 60 
15 14th 1425 66.25 2 8  4 .8  135 61 63 
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I 
dis turbance  a t  the s a t e l l i t e .  Morning and evening c u r r e n t s  a r e  l i s t e d  
sepa ra t e ly  b u t  otherwise the  l i s t s  a r e  ordered by time. I n  a l l  d i s -  
cussion he re in  L i s  computcd us ing  only a main f i e l d  model. 
major d i s t o r t i o n s  of t he  magnetosphere which undoubtedly occur  du r ing  
a dis turbance could a l t e r  t he  L va lues  obta ined .  However, t h i s  para- 
meter can s t i l l  be use fu l  even though i t  may no longer be a b l e  t o  
serve a s  an exac t  r e fe rence  f o r  t rapped p a r t i c l e s .  
Thus 
Var ia t ion  of t he  cu r ren t  l o c a t i o n s  according t o  d i p  l a t i t u d e  i s  
very i r r e g u l a r  but the  da t a  do seem t o  organize w e l l  wi th  r e s p e c t  t o  
the  d ipo le  l a t i t u d e  and L parameter.  Gradual commencement of t he  
storm begins about 1900 hours UT on t h e  13th which i s  between cu r ren t  
2 and 3 i n  the morning and 9 and 10 i n  the  evening (see  Table 1 ) .  I n  
both morning and evening,  L and d ipo le  l a t i t u d e  drop s i g n i f i c a n t l y  
before  and during t h i s  t ime i n t e r v a l .  For the morning c u r r e n t ,  t he  
d ipo le  l a t i t u d e  is then q u i t e  cons tan t  except  f o r  c u r r e n t  N o .  5 which 
i s  - 4 O  nor th  of the  surrounding c u r r e n t s .  The evening c u r r e n t s  con- 
t i nue  t o  move southward i n  d ipo le  l a t i t u d e  as the  main phase of t he  
storm proceeds and then move northward a t  about t he  same t i m e  a s  t he  
r ap id  recovery from asymmetric i n f l a t i o n  (See P a r t  1). The L va lue  
f o r  the  cur ren t  l oca t ions  behaves somewhat d i f f e r e n t l y  than  the  d ipo le  
l a t i t u d e ,  decreas ing  s t e a d i l y  during the  course of t h e  storm f o r  t he  
morning cu r ren t s  bu t  remaining q u i t e  cons tan t  i n  t h e  evening. No  
p a r t i c u l a r  change i n  L i s  not iced  a t  t he  times t h a t  t he  magnetosphere 
i s  changing from asymmetric t o  symmetric i n f l a t i o n .  
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Discussion 
Comparison of Figure 13 wi th  Figure 1 shows a s t r i k i n g  s i m i l a r -  
i t y  between our model r e s u l t s  and the two-celled model of po la r  
d i s turbance  c u r r e n t s .  Thus, f o r  t h i s  storm, the  s a t e l l i t e  evidence 
i s  t h a t  the  two-celled conf igura t ion  preva i led  throughout.  
I n  the one-cel led po la r  e l e c t r o j e t  model of Akasofu e t  a l .  (1965), 
t he  s a l i e n t  f e a t u r e  i s  an  in t ense  westward c u r r e n t  e n c i r c l i n g  the  
d ipole  a long  what i s  c a l l e d  t h e  au ro ra l  ova l .  This oval  is d iscussed  
ex tens ive ly  by Akasofu (1966); i t  i s  def ined as t he  ins tan taneous  b e l t  
a long which auroras  tend t o  l i e .  Akasofu s t a t e s  t h a t  the  o r i e n t a t i o n  
of the  ova l  i s  f ixed  i n  l o c a l  time and t h a t  t he  a u r o r a l  zone ( - d i p  
l a t i t u d e  67O) i s  t h e  locus of the i n t e r s e c t i o n  of t he  midnight meridian 
wi th  the  ova l .  The oval  l a t i t u d e s  a r e  a func t ion  of storm a c t i v i t y  
(Dst ) ,  expanding southward a s  storm a c t i v i t y  inc reases .  According t o  
Figure 1 of Akasofu's paper (1966), OGO-2 passes  through the  average 
loca t ion  of the  a u r o r a l  ova l  between 66O-73ON. d ipo le  l a t i t u d e  on the  
ascending (morning) po r t ion  of the o r b i t  and between 76O-78ON. d ipo le  
l a t i t u d e  on the  descending (evening) l e g  of t he  o r b i t .  I f  t he  e l e c -  
t r o j e t  c u r r e n t s  were s t r o n g l y  r e l a t e d  t o  the  ova l ,  one would expect  
t h e  observed cu r ren t s  t o  l i e  approximately wi th in  these  ranges.  
Furthermore,  one would expect  the loca t ions  of t he  c u r r e n t s  t o  "organize" 
w e l l  with r e spec t  t o  d ipole  l a t i t u d e  i n  t h a t  i f  t h e  cu r ren t  l o c a t i o n s  
changed s i g n i f i c a n t l y  they would move t o  lower d ipole  l a t i t u d e s  with 
inc reas ing  D s t .  Assuming t h a t  t he  oval  moved southward from i t s  
average loca t ion  dur ing  the  storm, the i n i t i a l  downward motion i n  
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d i p o l e  l a t i t u d e  between c u r r e n t s  1 and 3 would be the  type of behavior 
expected from Akasofu's mvdel. Ilowever, t he  h ighes t  d i p o l e  l a t i t u d e  
( cu r ren t  5 )  corresponds t o  the t i m e  of minimum D s t  c o n t r a r y  t o  what one 
would expect.  The evening e l e c t r o j e t ,  being eastward, does not  f i t  
t h i s  model a t  a l l .  
I n  a s s e s s i n g  the  concept of t h e  a u r o r a l  o v a l ,  a t  l e a s t  f o r  t h i s  
storm, one must conclude t h a t ,  i f  t h e  l o c a t i o n s  o f  t h e  c u r r e n t s  seen 
by OGO-2 a r e  r e l a t e d  t o  the ova l  l o c a t i o n ,  t he  ova l  l o c a t i o n  would be 
descr ibed b e t t e r  i n  terms of  McIlwain's L parameter than i n  terms of 
d ipo le  l a t i t u d e .  Indeed, Zmuda e t  a l .  (1966 and 1967) desc r ibe  t h e  
l o c a t i o n  of the ova l  u s ing  the  parameter A = ~ o s ' ~ [ l / L ] %  ins t ead  of 
d ipo le  l a t i t u d e .  They d i s c u s s  t h e  l o c a t i o n  of  a d i s tu rbance  r eg ion ,  
as determined by s a t e l l i t e  d a t a ,  r e l a t i v e  t o  the  ova l  and show t h a t  
during geomagnetic q u i e t  t i m e s  (Kp c 4 ) t he  p o s i t i o n  of t h i s  d i s t u r b -  
ance region ag rees  w e l l  with the l o c a t i o n  of t h e  a u r o r a l  ova l  (using 
t h i s  A t o  desc r ibe  the  p o s i t i o n  of the  o v a l )  and t h a t  t he  l o c a t i o n  
of  the oval moves southward du r ing  more d i s t u r b e d  per iods of t i m e .  
A s  Table 1 c l e a r l y  shows, the p o s i t i o n  o f  t he  eastward e l e c t r o j e t  
a t  1530 hours l o c a l  t i m e ,  and t h e r e f o r e  t h e  p o s i t i o n  of maximum d i s -  
turbance a t  OGO-2 p o s i t i o n s ,  i s  more sou the r ly  ( i n  a l l  coord ina te s ,  
including L) t han  the westward e l e c t r o j e t  a t  0500 hours  l o c a l  t i m e .  
This  i s  d i f f e r e n t  from the  phenomena found by Zmuda e t  a l .  (1967) and, 
i f  ( a s  described by Akasofu) t he  oval  i s  a t  h ighe r  l a t i t u d e s  a t  1530 
than a t  0500 l o c a l  t i m e ,  would place the l a r g e s t  c u r r e n t  concen t r a t ion  
a t  t h i s  l o c a l  t i m e ,  south of the a u r o r a l  ova l .  I n  t h i s  ca se ,  t h e  
- 37 - 
c u r r e n t s  i n  the  a u r o r a l  oval  a r e ,  indeed, a l l  westward a s  Akasofu e t  
a l .  have suggested but the heav ie s t  concent ra t ion  of c u r r e n t  i n  the 
evening l o c a l  time s e c t i o n  i s  eastward and i s  loca ted  t o  the  south of 
t he  ova l .  
The f i r s t  s u b s t a n t i a l  cu r ren t s  seen by OGO-2 f o r  t h i s  storm a r e  
1, 2 ,  8, and 9 of Table 1. S imi l a r ly ,  c u r r e n t s  7 and 15 are the  l a s t  
t o  be de tec ted  and a s a t e l l i t e  pass a t  0045 on March 15 shows no 
evidence of major c u r r e n t s .  Chapman (1956), and Davis and Sugiura 
(1966) have pointed out t h a t  polar  cu r ren t  systems develop wel l  before  
the  main phase of magnetic storms. 
c u r r e n t s  1, 2 ,  8 ,  and 9 a r e  more than 1.5 hours  p r i o r  t o  the  s t a r t  of 
t he  gradual commencement of t h i s  storm. Sugiura (1967) has  pointed 
o u t  t h a t  t h e r e  i s  a tendency fo r  ap t o  recover  more r a p i d l y  than D s t  
a f t e r  a magnetic storm and t h a t  t h i s  implies  t h a t  t he  po la r  d i s t u r b -  
ances dieappear mare quickly than does t h e  ring c u r r a n t ,  
we showed t h a t  the  r i n g  cur ren t  i s  asymmetric w i th  more i n f l a t i o n  i n  
the  evening l o c a l  time s e c t o r ,  t h a t  recovery i n  the  evening s e c t o r  
begins sooner than i n  the  morning ( - 1200 UT on the  1 4 t h ) ,  and t h a t  
I n  support  of t h i s  w e  note  t h a t  
In  Par t  1 
the  evening d is turbance  decays t o  a value n e a r l y  equal  t o  the d is turbance  
i n  the  morning sec to r  a f t e r  which both s e c t o r s  recover  toge ther .  The 
disappearance of the  po la r  e l e c t r o j e t  as  seen by OGO-2 t akes  place 
a f t e r  1430 UT on the 14th of March and before  0045 on March 15 th ,  pre-  
c i s e l y  the time period during which the  evening r i n g  c u r r e n t  decays 
t o  the  l e v e l  of the  morning r i n g  c u r r e n t .  This i n d i c a t e s  some type of 
s t r o n g  connection between the two phenomena, a l though the  d e t a i l s  r e -  
main unc lea r .  (For example, Cummings, 1966, model of an asymmetric 
r i n g  c u r r e n t  wi th  ionospheric  r e t u r n  c u r r e n t s . )  
- 38 - 
ACKNOWLEDGMENTS 
The ins t rumenta t ion  f o r  t h i s  experiment was c a r r i e d  out under 
t h e  d i r e c t i o n  of J. P. Heppner by W .  H. Fa r th ing  and W .  C .  Fo lz  of 
Goddard Space F l i g h t  Center.  
R .  Hornstein f o r  t h e i r  aic' i n  computer programming, S h i r l e y  Hendricks 
f o r  performing some of t h e  computation and f o r  va luable  d i scuss ion ,  
and D r .  M. Sugiura f o r  va luable  d i scuss ion  and suggest ions.  
We a l s o  wish t o  thank L.  McCarter and 
The va luable  con t r ibu t ion  of t h e  numerous magnetic obse rva to r i e s  
i n  quickly supplying copies  of t h e i r  r eco rds  t o  t h e  World Data Centers  
and t h e  U. S. Coast and Geodetic Survey i n  supplying t h e  s u r f a c e  d a t a  
are a l s o  g r a t e f u l l y  acknowledged. Observatory da t a  used included:  
Abisko 
A lme r i a  
Ba'n gu i 
Ebro 
Furstenfeldbruck 
Guam 
Hartland 
Hermanus 
Honolulu Soda nky 1 a 
Kiruna S t e panovka 
Lovo Tananarive 
M ' Bour Tucson 
Nairobi  Vysokaya Dubrava 
Nurmi j a r v i  Yangi -Ba z a r  
P i l a r  Wellen 
San Juan 
REFERENCE 
Akasofu, S - I . ,  The a u r o r a l  ova l ,  the  a u r o r a l  substorm, and t h e i r  
r e l a t i o n s  with the i n t e r n a l  s t r u c t u r e  of  the magnetosphere, 
Planetary Space S c i . ,  l4, 1966. 
Akasofu, S - I . ,  and S .  Chapman, On the  asymmetric development of  magnetic 
storm f i e l d s  i n  l o w  and middle l a t i t u d e s ,  Planet .  Space S c i . ,  l2, 
pp. 607-626, 1964. 
Akasofu, S - I . ,  Chapman, S . ,  and C - I .  Meng, The p o l a r  e l e c t r o j e t ,  
J.  Atmospheric T e r r e s t .  Phys., 27, 1965. 
C a h i l l ,  L. J . ,  I n f l a t i o n  of  the inne r  magnetosphere during a magnetic 
storm, J. Geophys. R e s . ,  2, No. 19, October 1966. 
Cain,  J .  C . ,  I. R. Shapiro,  J. D .  S t o l a r i k ,  and J .  P. Heppner, Vanguard 
3 magnetic f i e l d  observat ions,  J. Geophys. Res., 67, No .  13, December 
1962. 
Cain,  J.  C . ,  S .  J. Hendricks, R .  A .  Langel, and W. V. Hudson, A proposed 
model f o r  the i n t e r n a t i o n a l  geomagnetic reference f i e l d  - 1965, 
NASA/GSFC Report X-612-67-173, J u l y  1967. 
Cain, J.  C . ,  R.  A .  Langel, and S. J. Hendricks, F i r s t  magnetic f i e l d  
r e s u l t s  from the OGO-2 s a t e l l i t e ,  Space Res., 5, 1967. 
Chapman, S . ,  Proc. Roy. S O C .  London, A95, 61, 1919. 
Chapman, S . ,  Proc. Roy. SOC. London, A115, 2425, 1927. 
Chapman, S . ,  Terrest. Magnetism Atmospheric Elec. ,  40, 349, 1935. 
Chapman, S . ,  Ann. Geofis.  Rome, 5, 481, 1952. 
Chapman, S., The morphology of geomagnetic storms and bays: A general  
review, Vista  i n  Astronomy, & 912-928, 1956. 
- 2 -  
Cummings, W .  D . ,  Asymmetric r i n g  c u r r e n t s  and t h e  low- la t i t ude  d i s t u r -  
bance d a i l y  v a r i a t i o n ,  J .  Geophys. Res., 71, No. 19, October 1966. 
Davis,  T. N . ,  and M. Sugiura,  Auroral  e l e c t r o j e t  a c t i v i t y  index AE and 
i t s  un ive r sa l  t i m e  v a r i a t i o n s ,  J.  Geophys. Res., 2, No, 3, February 
1966. 
F a r t h i n g ,  W .  H., and W .  C .  Fo lz ,  Rubidium vapor magnetometer f o r  near 
e a r t h  o r b i t i n g  s p a c e c r a f t ,  Rev. S c i .  I n s t r . ,  38, No. 8 ,  1023-1030, 
August 1967 
Furbush, S. E,, and M. Casaverde, Equa to r i a l  e l e c t r o j e t  In Peru, 
Carnegie I n s t .  of Wash. Pub. 620, 1961. 
Hendricks, S. J. ,  Personal communication, J u l y  1967. 
Heppner, J. P. ,  J. D .  S t o l a r i k ,  and L. H.  Meredith, Annals o f  t he  I G Y ,  
- 6 ,  323, 1958. 
Langel, R.  A . ,  Processing of t he  t o t a l  f i e l d  magnetometer d a t a  from the  
OGO-2 s a t e l l i t e ,  NASAIGSFC Report X-612-67-272, June 1967. 
Parker,  E .  N . ,  Non-symmetric i n f l a t i o n  of a magnetic d i p o l e ,  J. Geophys. 
R e s  - 71,  No. 19,  October 1966. 
Scrase,  F. J . ,  The e l e c t r i c  cu r ren t  a s s o c i a t e d  with p o l a r  magnetic sub- 
storms, J .  Atmospheric Terrest .  Phys., 29, 1967. 
Sugiura,  M . ,  and S.  Chapman, The average morphology of  geomagnetic storms 
wi th  sudden commencement, Abl. Akad. Wiss. GGttinRen, Math-Phys. K1, 
Sonderheft  N r .  4, 1960. 
Sugiura,  M. Hourly values  of e q u a t o r i a l  D s t  f o r  t h e  I G Y ,  Annals of the 
- I G Y , 35,  1964. 
Sugiura,  M., and S. Hendricks, P rov i s iona l  values  of e q u a t o r i a l  D s t  f o r  
1961, 1962, and 1963, NASA Technical Note D-4047, August, 1967. 
- 3 -  
Vest ine,  E .  H . ,  I s a b e l l e  Lange, Lucile Laporte,  and W. E .  S c o t t ,  The 
geonagnetlc f i e l d ,  i t s  d e s c r i p t i o n  and a n a l y s i s ,  Carnegie I n s t .  of 
Idas:?. Pcb.  580, 1949, r ep r in t ed  1959. 
ZmuCa,  A .  J . ,  J. E. Martin,  and F. T.  Heuring, Transverse magnetic d i s -  
turbances a t  1100 ki lometers  i n  the a u r o r a l  region, J. Geophys. Res., 
71,  No .  21, November 1966. 
Zmuda, A. J., F. T. Heuring, and J. H. Martin,  Dayside magnetic d i s -  
turbances a t  1100 ki lometers  i n  t h e  a u r o r a l  ova l ,  J .  Geophys. Res. ,  
- 72, No. 3 ,  February 1967. 
